attention to the hypothalamic suprachiasmatic nucleus (SCN), which notably plays the role of master circadian pacemaker for physiological and behavioral functions in the mammalian brain (Antle and Silver, 2005; Morin and Allen, 2006) . Studies on SCN size and volume, as well as cell counts in the nucleus, did not show changes in old versus young rodents, but alterations in the expression of certain genes and spontaneous firing activity have been reported in SCN neurons of aged rodents (see for review Bentivoglio et al., 2006) . In terms of structural changes in the brain during senescence, the focus is currently shifting from potential age-related neuronal loss to more subtle alterations, such as those occurring at synaptic level, which have been documented in several brain regions, including the cerebral cortex (Peters, 2002; Hof and Morrison, 2004) . Thus, quantitative analyses of synaptic endings have been repeatedly used as a tool to evaluate structural neural correlates of aging-related dysfunction (see, for example, Hof and Morrison, 2004; Burke and Barnes, 2006) , but such analyses have not been hitherto pursued in the SCN.
All SCN neurons probably contain the neurotransmitter gamma-aminobutyric acid (GABA), and GABAergic fibers are densely distributed throughout the nucleus (Moore and Speh, 1993; Abrahamson and Moore, 2001; ; indeed, GABAergic neurotransmission plays a key role in the functioning of the biological clock (Liu and Reppert, 2000; Albus et al., 2005) . The frequency of spontaneous currents mediated by the GABA A receptor (GABA A R) was found to be decreased in the ventral portion of the mouse SCN during aging (Nygård et al., 2005) . Therefore, as also emphasized by preliminary investigations (Nygård and Palomba, 2006) , the GABAergic network of the aging SCN needs to be studied in detail.
On this basis, we here analyzed synaptic endings and their GABAergic subset, as well as parameters of GABAergic neurotransmission, in the aging biological clock. We examined the expression of the transcript encoding the α3 subunit of the GABA A receptor (GABA A R-α3), which is abundantly expressed (both pre-and postsynaptically) and well characterized in the SCN (Gao et al., 1995; Belenky et al., 2003) . We also analyzed the transcript and protein expression of isoform 67 of the GABA synthetic enzyme glutamic acid decarboxylase (GAD67), which is the GAD isoform more widely distributed in the rodent brain. Both the isoforms GAD67 and GAD65 are abundantly expressed in the SCN, although GAD65 expression in this nucleus is lower than in other regions of the hypothalamus (O'Hara et al., 1995). GAD67 is responsible for maintaining basal levels of GABA for both neurotransmitter and metabolic functions (Esclapez et al., 1994) and is currently widely used as marker of GABAergic axon terminals, including the analysis of plastic changes in GABAergic perisomatic innervation (Jiao et al., 2006; Chattopadhyaya et al., 2007) .
Synaptic endings were labeled with synaptophysin (Syn), a presynaptic membrane-bound protein of neurotransmitter-containing synaptic vesicles expressed ubiquitously in the nervous system (Jahn et al., 1985) . GABAergic terminals were identified as the GAD67-immunoreactive structures that showed colocalization with Syn, as done in previous studies (see, for example, Hiscock et al., 2000) .
MATERIALS AND METHODS

Animals
Male C57BL/6J mice (purchased from HarlanNossan, Milan, Italy, or B&K, Sollentuna, Sweden) were used in this study. The animals were maintained on a 12 h/12 h light/dark (LD) cycle for at least 10 days before the experiments, with food and water ad libitum. For the purpose of the comparison between mice of different age groups, in most analyses we used 2 opposite time points in the early light and dark phases, respectively. In particular, early day is the critical time for phenomena of GABAergic synaptic plasticity in the SCN, which have not been observed during the night (Gompf and Allen, 2004) .
The experiments received institutional approval and authorization (by the Italian Ministry of Health and by Stockholm's Norra Djurförsöksetiska Nämnd) and were conducted according to the Council directives of the European Economic Community (86/609/EEC). All efforts were made to avoid animal suffering and minimize the number of animals used.
Expression of GABA A R-α α 3 mRNA and GAD67 mRNA and Protein
RNA Extraction
Tissue sampling for the study of transcripts was made at Zeitgeber times 2 and 14 (ZT 0 is defined as the lights-on time during the LD cycle) for GAD67, and at ZT 2, 8, 14, and 20 for GABA A R-α3. Infrared goggles were used when sacrificing the mice during the dark phase. Four animals per time point and age group were used for this set of experiments, which was run twice, comparing young adult mice (2-3 months of age) with older ones (17-18 months and 24-25 months). The animals were anesthetized with fluothane and decapitated; the brains were quickly removed and placed in ice-cold 0.01 M phosphatebuffered saline, pH 7.4 (PBS). Coronal hypothalamic slices (600 μm-thick) containing the SCN were cut using a vibratome. The SCN was then carefully dissected out under a stereomicroscope: the tissue slice was confined as much as possible to the SCN, taking the chiasm and third ventricle as landmarks; it was then snap frozen on dry ice and stored at -70 °C until further processing.
Total RNA was extracted using the RNasy kit according to the manufacturer's instructions (Qiagen, Hilden, Germany). Lysis buffer was added to the tissue, which was sonicated on ice. After extraction, RNA was treated with amplification grade DNase I (Invitrogen, Carlsbad, CA) for 15 min at room temperature and inactivated by the addition of 2.5 mM EDTA followed by incubation at 65 °C for 10 min according to the manufacturer's instructions. DNase-treated RNA was reverse-transcribed in a 20 μl reaction containing the following reagents (Invitrogen): 250 ng of random to primers, 1 × RT buffer, 10 mM DTT, and 0.5 mM each of dNTPs, 200 U of MoMLV reverse transcriptase (Superscript II). cDNA synthesis was allowed to proceed for 1 h at 42 °C before inactivation at 70 °C for 15 min.
Real-Time RT-PCR
Primer Express (Applied Biosystems, Foster City, CA) was used to design the following primer sequences: cyclophilin (forward primer: GCTTTTCGCCGCTTGCT; reverse primer: CTCGTCATCGGCCGTGAT), Per1 (forward primer: CATTCCGCCTAACCCCATATG; reverse primer: CGGGGAGCTTCATAACCAGAG), GABA A R-α3 (forward primer: ATCTCACAGGTCTCTTCA-AGTTGCT; reverse primer: CCAGGTTCTTGTCGTCTT-GATTC); GAD67 (forward primer: TCCACCATCAACGGCATTAA; reverse primer: AGCGGCAGGTGTTGGATAAC).
Per1 mRNA, which is known to exhibit a daily oscillation in the mouse SCN with no age-dependent variation (Sadki et al., 2007) , was used as internal quality control. One μl of cDNA template was amplified in triplicate 25 μl reactions containing 1 × QuantiTect SYBR Green PCR Master Mix (Invitrogen) and 500 nM of each primer. An ABI Prism ® 7000 sequence detection system (Applied Biosystems) was used with the following conditions: heat activation at 95 °C for 2 min, followed by denaturation at 95 °C for 15 sec and annealing/extension at 60 °C for 1 min for 45 cycles. Dissociation curves were obtained from 60 °C to 95 °C.
GAD67 Western Blotting
Mice of 2 to 3 months and 19 to 21 months of age were used in this part of the study. They were sacrificed at ZT 2 and ZT 14 (n = 3 animals per time point and age group) by decapitation under ether anesthesia. The brain was rapidly removed, and a tissue slice containing the SCN was dissected out under a stereomicroscope. As for the previous analysis, the chiasm and the third ventricle were used as landmarks and the sampling was confined as much as possible to the SCN. Tissue deriving from the 3 animals was pooled and homogenized in RIPA lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 2 mM sodium fluoride, 2 mM EDTA, 0.1% SDS, and a mixture of protease inhibitors (PMSF, aprotinin, sodium orthovanadate, DTT, leupeptin). The homogenates were centrifuged at 14,000 g for 15 min at 4 °C, and the supernatants were used for experiments. The total protein concentration of cell extracts was determined with a protein assay kit (Bradford Reagent; Sigma, St. Louis, MO) with bovine serum albumin (BSA; Sigma) as standard; β-actin (diluted 1:200; Chemicon, Temecula, CA) was used as control for loading efficiency.
The protein samples (10 μg per lane) were mixed with 2 × SDS reducing sample buffer and boiled for 3 min before loading. Proteins were separated by SDS polyacrylamide gel electrophoresis (10% Tris-HCl; gradient gels from Bio-Rad, Hercules, CA) and transferred electronically to polyvinylidene difluoride membranes (Millipore, Bedford, MA). The membranes were blocked with 5% BSA in TTBS (50 mM Tris pH 7.5, 0.9% NaCl, and 0.1% Tween-20) for 1 h at room temperature and then incubated for 2 h at room temperature with polyclonal rabbit antibody against GAD67 (Chemicon) at 1:500 dilution. After 3 washes with TTBS, the membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody (rabbit anti-mouse IgG; 1:1000 dilution; Dako, Glostrup, Denmark). The membranes were then washed 4 times, and signals were detected with an enhanced chemiluminescence reagent (ECL; Amersham, Piscataway, NJ). The analysis was repeated 3 times.
GAD67 and Synaptophysin Immunolabeling
Mice of 2 to 3 months or 18 to 20 months of age were sacrificed at ZT 2 and ZT 14 (n = 4 per time point and age group). The animals were first deeply anesthetized with pentobarbital (50 mg/kg i.p.) and then perfused transcardially with PBS followed by 4% buffered paraformaldehyde. The brain was dissected out and cut with a freezing microtome into coronal serial sections at 25 μm thickness. Series of sections were collected at 125 μm intervals, and one series was processed free-floating for double immunofluorescence. Sections from the 2 age groups and from the 2 ZT points were processed in parallel. The sections were first treated with 0.1 M phosphate buffer, pH 7.4 (PB), and 0.3% Triton-X-100, and then incubated overnight at 4 °C in a mixture of mouse monoclonal anti-Syn antibodies (Chemicon; dilution 1:500) and rabbit polyclonal anti-GAD67 antibodies (Chemicon AB5992; dilution 1:100). These anti-GAD antibodies recognize preferentially axon terminals and, as indicated by the manufacturer, the use of Triton-X decreases considerably cell body staining. Since we used this detergent to enhance terminal labeling, immunoreactivity of cell bodies was disregarded in subsequent analyses.
The sections were then washed 3 times in PBS and incubated for 2 h at room temperature in a mixture of secondary antibodies: Cy3-conjugated donkey antimouse IgG and Cy2-conjugated donkey anti-rabbit IgG (Jackson Immunoresearch Laboratories, West Grove, PA; dilution 1:100). After repeated washing in PBS, the sections were mounted on gelatin-coated slides, air dried, and coverslipped with anti-fading and anti-bleaching media (Fluorescent Mounting Medium, Dako). Control sections were processed as above but omitting primary antibodies; no immunolabeling was observed in this material.
Data Analysis and Statistical Evaluation
Real-Time RT-PCR and Western Blotting Data
Real-time RT-PCR data were analyzed using the ABI Prism 7000 software (Applied Biosystems), and the comparative Ct method was used for relative quantification. Data were normalized to the levels of RNA encoding cyclophilin. Relative differences were subsequently calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001) , where values from young mice at ZT 2 were used as control. GraphPad Prism 3.0 (GraphPad Software Inc., San Diego, CA) was used for statistical analysis. The effects of age and time of day were tested with 2-way analysis of variance (ANOVA), and paired comparisons between age groups at the same time point were made with the Bonferroni post hoc t test following ANOVA.
In the evaluation of GAD67 protein expression, the Western blots were scanned with a high-resolution scanner (Epson Perfection, 1640SU) for the quantification of band intensities, and the integral optical density (IOD) of each band (IOD/IOD background) was determined using Image Pro Plus 4.5 (Media Cybernetics, Silver Spring, MD). Western blot data were analyzed with 2-way ANOVA, considering age and time as variables.
Quantitative Analysis of Axon Terminals in Confocal Microscopy
The sections processed for double immunofluorescence were studied with a confocal laser scanning microscope (Zeiss, LSM 510) equipped with an argon laser emitting at 488 nm and a helium/neon laser emitting at 543 nm. Quantitative evaluation of labeled puncta was performed on all animals, without the operator's knowledge of the animal's experimental group assignment.
In this part of the study, we analyzed separately the so-called core (retinal-recipient) and shell (containing output neurons) subregions of the SCN, defined in rodents on the basis of molecular differences, neuronal phenotypes, and intrinsic and extrinsic circuitry (Abrahamson and Moore, 2001; Antle and Silver, 2005) . Although such subdivision of the SCN represents a simplification of a more complex organization (Morin and Allen, 2006; Morin, 2007) , we relied in our analysis on a recent study on the termination of the retinohypothalamic tract in the mouse SCN . Three sections, regularly spaced through the central portion of the SCN (discarding the most anterior and posterior poles of the nucleus), were selected from each animal at matching rostrocaudal levels. Images were acquired with a 100× objective (Plan-Apochromat 100×/1.4 Oil Iris), and digitized into 512 × 512 pixel bitmaps corresponding to 67.2 μm-wide square areas. For each section, 2 images were acquired from the SCN core, that is, the ventral part of the nucleus, just above the optic chiasm ( Fig. 1 C,F) , where retinal input is concentrated in the mouse , and 2 were acquired from the SCN shell, that is, in the most dorsomedial portion of the SCN (Fig. 1 C,F) just laterally to the caudal tip of the third ventricle, where the innervation by the retinohypothalamic tract is very sparse or absent in the mouse . The spatial landmarks we adopted ensured unequivocal sampling of images within the same sectors of the SCN in all images and across animals.
When necessary, the images taken from different sections were compared by adjusting contrast and brightness. The adjustment was performed under equivalent constant conditions of signal and background intensities throughout images. Unbiased quantitative evaluation was conducted following a previously standardized strategy (Hiscock et al., 2000) with the aid of the image analysis software Image-Pro Plus 4.5. All the images were thresholded, and the background was subtracted ( Fig. 1 M-O) .
Two parameters were considered: the area covered by synaptic terminals and their number. Syn-labeled terminals (see Fig. 1 G,J) were used to evaluate the total population of boutons, while the colocalization of Syn and GAD immunoreactivity (see Fig. 1 I, L-O) was used to identify GABAergic endings. In particular, clusters of no less than 0.2 μm 2 and no more than 5 μm 2 contiguous pixels with values above 120 (on an 8-bit scale of signal intensities ranging from 0, no signal, to 255, saturated signal) were considered labeled terminals. Doublelabeled terminals were identified as clusters of pixels with intensity values above 120 for both markers, corresponding to the shades of yellow visible in the merged images ( Fig. 1 I,  L, M) . Part of the same material was also analyzed after labeled terminals were identified by visual inspection of the images, and the values turned out to be very similar to those obtained using fixed, objective criteria.
The data (mean number of puncta or mean area covered by puncta per animal) were statistically evaluated with the SPSS software (SPSS Inc., Chicago, IL). Group differences were assessed by 2-way ANOVAs, with animal age and time of day as independent factors, followed by the Bonferroni post-hoc t test for pairwise comparisons.
RESULTS
Expression of GABA A R-α α 3 and GAD67 in the SCN Is Not Time or Age Dependent
In the study of transcripts, the results obtained for Per1 mRNA expression showed an oscillation with lowest levels at night (ZT 14) in both young and older animals, with no differences between age groups in the level of expression at the sampled time points ( Fig. 2A) , in agreement with previously reported data (Sadki et al., 2007) .
The results obtained in the study of molecules implicated in GABAergic neurotransmission showed that the time of the day did not influence significantly the expression of either GABA A R-α3 or GAD67 transcripts (Fig. 2 B,C) in either young or old mice. In addition, 2-way ANOVA revealed no significant effect of age and no significant interaction between factors (Fig. 2 B,C) . Similar results in the study of GABA A R-α3 mRNA expression were obtained comparing young mice with mice aged 17 to 18 months (Fig. 2C) , or 24 to 25 months (data not shown).
In Western blot analyses, the anti-GAD67 antibody recognized a protein of approximately 67 kDa, the molecular weight for the predicted protein (Fig.  2E) . The levels of expression did not show significant differences between the 2 sampled time points (day and night; Fig. 2D ). In addition, no significant difference was found between the 2 age groups at each time point (Fig. 2D) , even if the signal appeared slightly decreased in old animals compared to young ones (Fig. 2E ).
Presynaptic Terminals in the SCN Decrease during Senescence
Both Syn and GAD67 immunofluorescence showed abundant labeling in the SCN. At low-power observation, Syn labeling ( Fig. 1 A,D) appeared abundant also throughout the hypothalamus, whereas, as mentioned above, GAD67 labeling was more concentrated in the SCN than in the surrounding hypothalamic tissue and in the subparaventricular zone dorsal to it (Fig. 1 B, E) . This was also well evident in the merged low-power images in both age groups (Fig. 1 C, F) .
As expected on the basis of the protocol we adopted for the use of anti-GAD67 antibodies (see above), only a few weakly GAD-immunopositive cell bodies were seen. In both the analyzed sectors of the SCN, Syn-labeled puncta frequently showed a perisomatic distribution, surrounding unlabeled cell profiles ( Fig. 1 G, J) . GAD immunolabeling of puncta exhibited similar features, with more extensive neuropil staining (Fig. 1 H, K) . This reflects the strictly presynaptic Syn immunolabeling, whereas GAD67 labels both pre-and postsynaptic elements. Merging of images allowed unequivocal identification of GABAergic presynaptic terminals (Fig. 1 I, L) .
Immunofluorescent labeling of both markers, as well as their colocalization in the merged images, indicated a decrease of puncta in the SCN of old animals compared to young ones ( Fig. 1 G-L) . Such decrease was evident in the material sampled both during early day and early night and was consistently observed in all images, although with some interindividual variability. As for the subregional pattern, Syn and GAD67 labeling did not appear different in the sampled SCN sectors of either age group.
Quantitative analysis of immunostained terminals confirmed the qualitative observations. The most striking result was a marked decrease in the SCN of both the number and area of labeled terminals in the older animals (Fig. 3) . In particular, highly significant main effects of age were revealed by all performed 2-way ANOVAs, evaluating both the area and number of total terminals and their GABAergic subset in both the core and the shell of SCN (Table 1 A, B) . On the other hand, the time of day did not significantly affect the measured parameters, nor were significant interactions between animal age and time of day detected in our sample (Table 1 A, B) .
Given the substantial decrease of labeled terminals with age (about 24%-28% in both the core and the shell, Fig. 3 and Table 2A ), an interesting question is whether the subset of GABAergic terminals is selectively affected by the impoverishment. Thus, we quantified the relative contribution of GABAergic terminals in the age-dependent depletion of SCN innervation (Table  2B ). The percent value of double-labeled (GABAergic) terminals was evaluated relative to Syn-immunopositive single-labeled terminals, comparing the mean differences between age groups. For the purpose of this analysis (Table 2B) , given the lack of effects due to the time of day of tissue sampling (Table 1) , data from ZT 2 and ZT 14 were pooled. The proportion of GABAergic terminals relative to the total area or number of synaptic endings did not change significantly when comparing age groups (Table 2B ). This indicates that the total decrease of synaptic boutons affected equally GABAergic terminals and the remaining subset.
DISCUSSION
In the present study, the expression of the GABAergic neurotransmission-related genes we examined in the SCN did not show age-related variations. In contrast, we report significant changes in the synaptic network of the aging SCN, in the form of a striking reduction of presynaptic terminals, including GABAergic ones.
Expression of GABA A R-α α3 and GAD67 in the Young and Old SCN
GABA A R is the main receptor type mediating GABA action and transmission in the SCN (Albus et al., 2005 ; Table 1 . A: Statistical analysis (2-way ANOVA) of the mean area of axon terminals in the suprachiasmatic nucleus, as shown in Figure 3 . Main factors were age (3-month-old vs. 19-to 21-month-old mice) and time of day (ZT 2 vs. ZT 14). Separate analyses were conducted in each of the nucleus subregions (core and shell) on the total population of synaptophysin-labeled (Syn+) terminals and on the population of GABAergic terminals (in which Syn was colocalized with GAD, glutamic acid decarboxylase 67 GAD = glutamic acid decarboxylase; GABA = gamma-aminobutyric acid. Table 2 . A: Age-dependent decrease (%) of the area covered by synaptic terminals and of their number, as derived from the quantitative evaluation performed in the suprachiasmatic nucleus (shown in Figure 3 and Table 1 ). For the purpose of this analysis, data from the 2 analyzed time points (ZT 2 and ZT 14) were pooled (see text). B: Mean relative number (left panels) and area (right panels) of GABAergic terminals (expressed as % of GAD+-Syn+ double-stained terminals on the total Syn+ population of terminals), with the results of t tests (1-way ANOVA) comparing young (3-month-old) mice versus old ones (19-21 months of age); the analyses, performed separately for each SCN subregion, show that the proportion of GAD+ terminals did not change significantly with age, that is, that the relative proportion of GAD+ terminals over the total is preserved in the older mice. As above, data from the 2 analyzed time points (ZT 2 and ZT 14) were pooled. Abbreviations as in Table 1 . Morin and Allen, 2006) . Many of the known subunits of the GABA A R have been demonstrated in the mouse and rat SCN; among those, the α3 subunit is strongly expressed and localized on the pre-and postsynaptic membranes (Belenky et al., 2003) . The present data indicate that the expression of the GABA A R-α 3 transcript in the SCN is not significantly modified during senescence. Our data also indicate that the α3 subunit does not undergo day/night fluctuation. Limited information is available on the temporal variation of identified GABA A R subunits in the mouse or rat SCN, but day/night oscillation has been suggested in the expression of the γ-subunit (Kretschmannova et al., 2005) . In the Syrian hamster SCN, Western blot analysis showed a day/night variation of the β1-subunit expression, in contrast with the α2-, α5-, and β3 subunits (Naum et al., 2001) . Concerning GAD67, our data indicate that the overall expression of the rate-limiting enzyme for GABA synthesis does not show significant age-related changes in the mouse SCN, or a significant difference between the time points we investigated. Previous data obtained with in situ hybridization indicated that GAD67 mRNA does not undergo a circadian fluctuation in the rat or hamster SCN (Huhman et al., 1996 (Huhman et al., , 1999 Duncan and Wheeler, 1999) , although a biphasic expression of this gene had been reported in the rat SCN (Cagampang et al., 1996) . The present finding that senescence does not lead to changes of GAD67 transcript in the mouse SCN is consistent with previous data obtained with in situ hybridization in the SCN of Siberian hamsters (Duncan and Wheeler, 1999) , and we here showed that also the overall level of GAD67 protein is preserved in the aging biological clock of the mouse.
The Synaptic Network and GABAergic Terminals in the Old and Young SCN
The present study points out for the first time a marked reduction of the synaptic network in the SCN during senescence, including a decrease of GABAergic terminals. Previous studies have demonstrated an agerelated reduction of axon terminals in other regions of the rodent brain, such as glutamatergic terminals in the cochlear nucleus (Helfert et al., 2003) or GABAergic terminals in the inferior colliculus (Helfert et al., 1999) or some regional and laminar changes of excitatory and inhibitory terminals in the rat cerebral cortex (Majdi et al., 2007) . No significant decrease in GAD boutons was instead found in the hippocampus of some rat strains in spite of a reduction of GAD-labeled cell bodies (Shi et al., 2004) . Biases arising from technical problems in the immunohistochemical reactivity of tissue sampled from older animals can be ruled out on the basis of several findings, including the increased immunoreactivity of glial antigens in the same tissue and the normal immunoreactivity of both Syn and GAD67 antibodies in several other regions of the brain of old rodents (see, for example, King and Arendash, 2002; Shi et al., 2004; Himeda et al., 2005; Dong et al., 2007) . In particular, Syn levels were found to be preserved during aging in the brain of the same mouse strain we used (Ando et al., 2002) .
GABAergic terminals in the SCN consist mainly of the intranuclear (ipsi-and contralateral) SCN circuitry, but an extrinsic GABAergic input has been shown to derive from the intergeniculate leaflet (Buijs et al., 1994; Albus et al., 2005; Morin and Allen, 2006) . Our findings in young mice indicate that GABAergic boutons account for 78% to 88% of synaptic endings in the circadian pacemaker, thus supporting previous ultrastructural evidence that most boutons in the rodent SCN contain GABA (Wagner et al., 1997; Castel and Morris, 2000) . Similar results were here obtained at ZT 2 and ZT 14, indicating that this parameter is not subjected to variations between these time points. Despite initial indications that GAD67 could be less abundant in axon terminals than the GAD65 isoform (Esclapez et al., 1994) , as mentioned previously, GAD67 is now widely used as a sensitive marker of GABAergic endings (Jiao et al., 2006; Chattopadhyaya et al., 2007) and is very effective in confocal microscopy analyses (Hiscock et al., 2000) . Thus, although an underestimation of GABAergic terminals cannot be excluded in our study since both GAD isoforms are present in the SCN (O'Hara et al., 1995) , we adopted a sensitive strategy that enhanced the revelation of such elements, and any potential underestimation could not have affected differentially data deriving from the 2 age groups.
Neuronal cell bodies were not examined in our investigation, but most previous studies have indicated that the overall number of neurons in the SCN of male rodents is maintained across the lifespan (Miller et al., 1989; Madeira et al., 1995; Tsukahara et al., 2005) . In line with this is the lack of agingrelated changes in the total SCN levels of GAD67 protein and mRNA found in the present study. Our data also pointed out that changes of the synaptic fraction of the protein, as reflected by the age-related decline of GABAergic endings, were not sufficient to modify significantly the total GAD67 content in the circadian pacemaker.
The general loss of presynaptic terminals in the SCN could be associated with changes in postsynaptic targets. Changes in target dendrites have been described in the inferior colliculus of rats, in which loss of GABAergic and non-GABAergic synapses was found in the absence of neuronal loss (Helfert et al., 1999) . However, in the rat cerebral cortex, aging-related changes in postsynaptic currents did not appear to be closely correlated with loss of presynaptic boutons (Majdi et al., 2007) , and the issue of pre-versus postsynaptic changes is, therefore, complex and may imply compensatory phenomena. To address this question we have here estimated transcripts of the GABA A R-α3, which is located both pre-and postsynaptically in the SCN, but this part of the analysis did not reveal significant age-dependent changes. Further studies are needed to fully unravel the eventual occurrence of postsynaptic changes in the SCN during senescence.
Age-related synaptic alterations can be revealed by either synapse loss or molecular changes within intact synapses (Hof and Morrison, 2004) . Our study provides evidence that also the synaptic network of the biological clock is vulnerable to normal aging.
Implications of the Findings for the Functioning of the Biological Clock during Senescence
Synchronization of activity between SCN neurons is necessary to achieve a coherent output from the nucleus. Continuous infusion into the SCN of tetrodotoxin, which selectively blocks sodium-dependent action potentials, abolishes circadian rhythms in locomotor activity, which is recovered after the end of infusion (Schwartz et al., 1987) . Similarly, continuous application of tetrodotoxin to SCN slices progressively diminishes the amplitude of clock gene rhythm in the tissue (Yamaguchi et al., 2003) . The latter change was found to be caused by disruption of intercellular synchronization, which implicates a role for synaptic communication in the synchronization of SCN neurons (Yamaguchi et al., 2003) .
GABA and vasoactive intestinal polypeptide (VIP) play important roles in the regulation of the amplitude and synchronization of SCN firing activity (Aton et al., 2006) . Both these molecules are released from presynaptic terminals, and the presently observed extensive loss of such terminals may have, therefore, deleterious consequences for the pacemaking activity of the SCN. An important role for the synchronization of SCN neurons has been ascribed to VIP (Aton et al., 2006) . In the SCN, about 70% of boutons containing this neuropeptide also contain GABA (Castel and Morris, 2000) , so that a substantial loss of GABAergic synaptic terminals most likely implicates also a loss of VIPergic signaling in the aged SCN. This could negatively affect synchronization of SCN neurons, contributing to changes in the amplitude of firing rate rhythms described during aging (reviewed in Bentivoglio et al., 2006) . Age-related alterations of VIP expression in the hamster SCN (Duncan et al., 2001 ) and of the day/night oscillation of this peptide in the SCN neurons of rats (Kawakami et al., 1997) and nonhuman primates (Cayetanot et al., 2005; Aujard et al., 2006) have been reported in previous studies.
The extensive loss of GABAergic terminals found in the present investigation is in line with the reduced frequency of GABAergic currents in the mouse SCN during aging (Nygård et al., 2005) . However, the role of GABA in the SCN is still not completely resolved, and it is therefore difficult to predict exactly how the reported decrease of GABAergic endings may affect SCN function. Selective blocking of GABA A receptors can phase-shift SCN neuronal activity rhythms (Rangarajan et al., 1994) and causes an increase in the amplitude of spontaneous firing rate rhythms in single SCN neurons grown in dispersed culture without a significant effect on the synchronization of neurons regarding firing rates or expression of the clock gene period2 (Aton et al., 2006) . On the other hand, blockade of GABAergic signaling in slice preparations increases firing in the ventral SCN, decreases firing in the dorsal SCN, and also disrupts the coupling between these 2 regions, which may be associated with altered phase regulation within the nucleus (Albus et al., 2005) .
In the present study, the functional significance of the age-related loss of synaptic terminals was not tested in terms of circadian behavior. However, a study of the effects of aging on circadian regulation in the same mouse strain we used has shown marked alterations in mice of 19 to 22 months of age, including alterations of the free-running period, fragmentation and decrease of locomotor activity, alterations in the pattern of entrainment to an LD cycle, and time for reentrainment to a new LD cycle (Valentinuzzi et al., 1997) . Functional significance of regional and laminar loss of synapses with increasing age has been demonstrated of the cerebral cortex studies of monkeys (Peters et al., 2001 ) and rats (Majdi et al., 2007) . It is, therefore, likely that a reduced synaptic network in the aged SCN of mice could account for the aging-related impairment in the circadian system documented in this species.
Disruption in sleep patterns, alterations in motor activity, and temperature cycle have been frequently documented during human aging (Weinert, 2000; Hofman and Swaab, 2006; Wu and Swaab, 2007) , and alterations in locomotor activity have been documented in aged nonhuman primates (Aujard et al., 2006) . Age-related impairment in the circadian system can potentially also lead to severe consequences, considering recent experimental data on the increased mortality rate of old mice during chronic phase-shift situations (Davidson et al., 2006) . It has not yet been established, however, whether or not an age-related variation in circadian rhythmicity reflects primary alterations in the SCN. Data in humans have indicated that age-related changes in sleep are due to weaker circadian regulation of sleep and wakefulness rather than to a disruption of the homeostatic process (Cajochen et al., 2006) , thus pointing to alterations in the functioning of the biological clock in the elderly. Changes in the synaptic network of the aged SCN of mice as described in the present study could ultimately lead to altered neurotransmission. This would affect not only the regulation and coordination within the biological clock but also its output to other brain regions, thus influencing the regulation of downstream body functions.
